All animals are under the constant threat of pathogenic infection. However, little is known regarding the influence of acute infection on sperm viability, particularly in female insects. This information is crucial for our understanding of mating and immune system coevolution, considering that females store sperm and serve as the site of sperm competition. Using the fruitfly, Drosophila melanogaster, we examined the influence of infection on sperm viability and storage. Twenty-four hours after haemocoel inoculation with a pathogen mimic (peptidoglycan, PGN) both sexes exhibited reduced sperm viability, indicating that systemic immune activation played a significant role in gamete survival. Surprisingly, sperm death did not appear to result from a reproductive-immune system trade-off, considering that sperm survived 24 h in vitro once removed from their somatic resources. Instead, our results are most consistent with death owing to immune effector collateral damage. We also examined the potential for sexually transmitted pathogens to influence sperm storage. Females mated with 'infected' males (created by dipping genitalia into a PGN solution) exhibited a higher proportion of empty sperm stores 48 h after mating compared to their controls. Remarkably, these data indicate that females may increase their fitness by removing 'infected' ejaculates from storage over time.
INTRODUCTION
Across insect species, the viability of sperm is positively associated with the degree of sperm competition [1] . Within species, sperm viability may also predict the outcome of sperm competition and male fitness [2] . Thus, variation in viability appears to be shaped by selection and probably plays a key role in how insect mating systems evolve. Intraspecific variation in sperm viability may be the result of male physiological condition [3, 4] , male genotype [5] , meiotic drive [2] , or female mating history [6] . Recent work in vertebrates also suggests that variation may be influenced by a male's current pathogen load [7, 8] . However, robust information regarding the role of acute infection on sperm viability in insects is surprisingly lacking, despite the recent interest among evolutionary biologists in understanding the selective pressures that shape mating and immune system coevolution in animals [9] [10] [11] .
Pathogenic infection can influence sperm quality through either direct or indirect interactions. With regard to direct interactions, recent vertebrate studies suggest that sperm motility and viability decrease when sperm and bacteria are co-incubated in vitro [7, 12, 13] . Such an interaction should create intense selection against mating with infected partners owing to reduced fertility [14, 15] , as well as selection for a strong immune response to mating if infections are common. However, pathogenic infection can still reduce sperm quality in the absence of direct pathogen -gamete contact. Again, evidence for such an influence comes from a variety of vertebrate taxa (including mammals, birds and fishes), where bacterial and viral systemic infections in males were associated with reduced sperm number, motility and viability [16 -19] . Unfortunately, the underlying mechanism(s) influencing sperm viability in these studies is (are) largely unknown, but may be owing to: (i) the migration of toxins from a replicating pathogen in the somatic tissue to the reproductive tract, (ii) a resource trade-off between the immune response and sperm maintenance, and (iii) unintended collateral damage caused by immune effectors aimed at curtailing a pathogenic insult.
Until this date, very little data existed regarding the influence of acute infection on sperm viability in male insects. Moreover, we know nothing about how infection influences sperm viability within the reproductive tract of females. This is crucial to our understanding of mating and immune system coevolution, considering the prevalence of female sperm storage among insects, as well as the fact that the female reproductive tract serves as the arena for sperm competition. In order to obtain a robust understanding of the role infection plays in sperm viability, we addressed the following questions in the fruitfly, Drosophila melanogaseter. First, does systemic pathogenic infection indirectly affect sperm viability in both sexes? Second, is a viability effect the result of: (i) the replicating pathogen (e.g. migrating exotoxins), (ii) a resource trade-off between immune and reproductive systems, or (iii) collateral damage of immune effectors? Third, can a direct reproductive tract infection via sexually transmitted pathogens also influence sperm viability and sperm storage? If the latter is true, then sexually transmitted pathogens may play a key role in shaping the evolution of the mating system.
METHODS
(a) Stock maintenance Flies used in the study were derived from wild caught females collected in Macon, GA in 2005 (courtesy of D. Promislow). Individuals were maintained as a moderately outbred population (approx. 200 flies per generation) in 30 ml plastic vials containing a cornmeal-sugar medium supplemented with live yeast. Vials were housed in incubators (Percival Model I36V) at 248C on a 12 L : 12 D photoperiod. Experimental flies were separated under light CO 2 anaesthesia by sex upon adult eclosion and held at a moderate density (20 per vial) as virgins. All flies were between 4 and 5 days old upon beginning each experiment.
(b) Sperm viability assay Sperm viability was quantified using a live/dead sperm viability kit (Molecular Probes no. L-7011) that uses SYBR-14 and propidium iodide to differentially stain live (green fluorescence) and dead (red fluorescence) cells, respectively. Individuals were CO 2 anaesthetized, and the sperm storage organs (either male seminal vesicles or female seminal receptacles) were removed from the reproductive tract and placed onto a clean microscope slide containing 20 ml of Drosophila Ringer's solution. It was washed once in this solution and then transferred to a new slide that contained 8 ml of Drosophila Ringer's solution. In males, the seminal vesicle was gently punctured to release the stored sperm. In females, sperm were gently pulled out of the seminal receptacle using fine forceps (sperm emerge in a rope-like structure).
Once the sperm were free of the storage organ, 1 ml of diluted SYBR-14 (1.6 ml of SYBR-14 in 10 ml of dimethyl sulphoxide) was added, and the sample was mixed gently using a fine needle and incubated for 3 min, in a dark, humid chamber. Subsequently, 1 ml of diluted propidium iodide (1.6 ml in 18 ml of Drosophila Ringer's solution) was added and the sample was mixed gently again and incubated in the dark for 1 min, in a humid chamber. Sperm were then viewed at 400Â using a UMNG2 filter (Olympus, Japan) for viewing dead sperm (propidium iodide) and a U-MNBA2 filter (Olympus, Japan) for viewing live sperm (SYBR-14). The slide was then photographed using a Zeiss camera (AxioCam MRc5) attached to a Leica fluorescence microscope (Olympus, Japan) and the numbers of dead (red) and alive (green) sperm counted. Any sperm fluorescing both red and green were considered moribund and marked as dead. All sperm pictures and sperm counts were taken blind by coding each of the treatments in order to avoid bias. To avoid artefactual sperm death owing to prolonged exposure to the stains, all samples were processed and photographed within approximately 6 min of dissection (see [20] for the effects of dissection time on viability).
(c) Systemic infection All individuals were mated 24 h prior to infection. Males and females were then randomly assigned to either a bacterial (Pseudomonas aeruginosa) or a control infection group. Flies were lightly CO 2 anaesthetized and their thorax pierced with a fine-tipped needle dipped into either a diluted bacterial culture or sterile Luria broth (LB) (methods modified from Fedorka et al. [21] ). The bacterial culture concentration was created by diluting log-phase bacteria in LB broth to an ocular density of 0.20, established using a microplate reader at 490 nm (Bio Rad model 680). From this solution, the bacteria were further diluted to a 1 Â 10 -3 concentration that corresponds to a sublethal dose in this D. melanogaster strain. Twenty-four hours after inoculation, individuals were assayed for their sperm viability as described above. The haemocoel inoculation allowed us to assess the 'indirect' influence of infection on sperm viability, considering that a chitin barrier between the reproductive and somatic tissue prohibits micro-organism migration.
To determine whether systemic immune activation alone could influence sperm viability (either through resource trade-offs or collateral damage of immune effectors), we inoculated individuals with peptidoglycan (PGN) derived from the cell walls of Escherichia coli (Invivogen no. K12-TLR2). In this capacity, PGN serves to activate the immune system without introducing a replicating, exotoxin-producing pathogen [22] . As with the bacterial infections, the thorax of lightly CO 2 anaesthetized flies was pierced with a fine-tipped needle dipped in a PGN solution. The PGN solution was prepared by dissolving 0.001 g of PGN in 1 ml of sterile water and sonicating this solution for two to three minutes until the solution was completely clear and free of debris. Control flies were CO 2 anaesthetized and pierced with a needle dipped in sterile water.
(d) Resource trade-off
To determine whether a resource trade-off between the reproductive and immune systems could influence sperm viability, we removed either a male's seminal vesicle or a female's seminal receptacle and placed them onto a microscope slide containing 200 ml of Drosophila Ringer's solution, thereby cutting off somatic resources. We rested the slide on top of a small 3.5 cm Petri dish that itself was placed into a larger 9 cm Petri dish filled with water. This prevented the sample from desiccating as well as kept the slide from touching the water. After 24 h at room temperature, we pipetted the sperm storage organ, along with 20 ml of Ringer's solution onto a new slide and assayed sperm viability. We used freshly dissected seminal vesicle and seminal receptacle as our controls (i.e. these were dissected moments before the sperm assay).
(e) Sexually transmitted infection In order to determine whether reproductive tract infections influenced sperm viability and storage within the female, we allowed males to sexually transmit PGN during mating. To this end, virgin males were lightly CO 2 anaesthetized until major motion stopped, whereupon they had their genitalia dipped in either a PGN solution (0.001 g PGN/1 ml sterile water), or sterile water. This was accomplished by touching a 200 ml pipette-tip containing 10 ml of solution to the tip of the abdomen for 20 s that deposited a small droplet covering the whole genital plate [22] . Males were then immediately placed into a vial containing a virgin female where they awoke and were allowed to mate (females were placed into their mating vials under CO 2 anaesthesia 24 h prior to mating). Previous work in D. melanogaster has shown that this method is an effective means of sexual pathogen transmission [23] . Twenty-four hours after mating, females were dissected and their sperm viability assayed.
(f) Statistical analysis All sperm viability data were analysed via ANCOVA, using arcsine square root transformed sperm viability as the dependent variable, treatment (e.g. infected versus control) as the categorical independent variable, sperm number as the covariate and the interaction between treatment and sperm number. A total of two outliers were identified via a Dixon test and removed, including one male control observation in the PGN inoculation experiment and one control observation in the sexually transmitted infection experiment [24] . Their removal did not impact the experimental conclusions. The statistical results are presented for the arcsine square root transformed data. However, all figures are presented with the non-transformed least square means. All analyses were conducted in JMP (v. 9.0).
RESULTS (a) Systemic infection
In all, 50 males and 50 females were assessed for sperm viability 24 h after inoculation with either a sublethal dose of P. aeruginosa or a sterile broth control. We found that females inoculated with bacteria did not exhibit a decline in sperm viability compared with the controls (table 1a and figure 1a ). By contrast, males exhibited a sharp decline in viability when exposed to the pathogen (table 1a and figure 1b).
To determine whether systemic immune activation alone could influence viability, we next inoculated both sexes with isolated PGN (n ¼ 20 males and 31 females). In contrast to their bacterial pattern, PGN females exhibited a significant reduction in sperm viability (table 1b and figure 2a). PGN males likewise exhibited a similar magnitude of decline in the proportion of viable sperm (table 1b and figure 2b). These data suggest that immune system activation via haemocoel injections had a deleterious influence on sperm survival within both the male and female sperm storage organs.
(b) Resource trade-off To determine whether a resource trade-off between the reproductive and immune system could underlie the earlier-mentioned pattern, we placed both male and female sperm storage organs in Ringer's solution for 24 h and then assayed viability (sperm from organs dissected moments prior to the assayed served as controls). We found no difference in sperm viability between our 24 h treatment and their temporal controls in either sex (table 1c and figure 3 ). These data suggest that the resource trade-off is unlikely, considering that the 24 h treatment exhibited no significant sperm death when cut-off from somatic resources.
(c) Sexually transmitted infection
In all, 30 females were assessed for sperm viability in their seminal receptacle 24 h after mating with PGN infected or control males (15 females in each treatment). We found no effect of sexually transmitted PGN on female sperm viability (all p . 0.68). However, we did find that an overwhelming proportion of females in the PGN treatment contained no sperm in the seminal receptacle compared with the controls (80% versus 26%, respectively; x 2 ¼ 9.05, p ¼ 0.0026). This pattern led us to hypothesize that pathogen-contaminated ejaculates were displaced soon after mating.
To test this hypothesis, we exposed females (n ¼ 123) to either PGN or control-dipped males in the same manner as above and assessed sperm viability and storage in the seminal receptacle 1.25, 24 and 48 h after mating. The 1.25 h treatment also had the bursa copulatrix examined (site of sperm deposition within the female prior to storage in the seminal receptacle). One and a quarter hours after mating, both treatments contained a similar number of sperm in their reproductive tract (control: 318 + 47.2 versus infected: 268 + 36.8, F ¼ 0.68, p ¼ 0.4146) and all females possessed sperm (figure 4). With regard to sperm viability, females mated with PGN males exhibited a slight but significant reduction in sperm viability in the bursa copulatrix prior to sperm storage (0.93 + 0.014 versus 0.99 + 0.018, respectively; table 2a). Importantly, these observations indicate that females received relatively viable ejaculates (greater than or equal to 93% viable) from all males regardless of treatment. However, we found no difference in sperm viability within the seminal receptacle at any time point after mating (table 2b-d). With regard to sperm storage, we found that a higher proportion of PGN females lacked sperm in the seminal receptacle compared with the controls 48 h after mating (0.53 versus 0.07, respectively; x 2 ¼ 8.89, p ¼ 0.0029; figure 4), supporting the hypothesis that pathogen-contaminated ejaculates are removed over time.
DISCUSSION
In this study, we examined the potential for systemic and reproductive tract infection to influence sperm viability and sperm storage. We found that systemic infection with a replicating pathogen (P. aeruginosa) reduced sperm viability in males but not in females. Furthermore, we found that systemic inoculation with PGN (a non-replicating component of bacterial cell walls) reduced sperm viability in both sexes. Thus, systemic immune system activation (sin pathogen) appears to have a significant and indirect influence on sperm viability. As stated earlier, systemic infection may indirectly reduce sperm viability through three main mechanisms, including: (i) the migration of toxins from a live replicating pathogen into sperm storage, (ii) a resource trade-off between reproductive and immune systems, and (iii) collateral damage of the immune effectors. Our data suggest that the observed reduction in viability was not the consequence of migrating exotoxins or a resource trade-off, considering that no live pathogen was introduced in the PGN experiments and that sperm were able to survive for 24 h after being removed from the organism and its resources. Most likely, sperm death was caused by an unintended deleterious interaction between immune effectors and sperm, although this hypothesis remains to be tested directly. One potential group of immune effectors that could cause such an effect is reactive oxygen species (ROS). Oxidative bursts (i.e. the rapid and copious production of ROS upon infection) appear to be a highly conserved immune response against invading pathogens in both plants and animals [25] . Furthermore, sperm are exceedingly susceptible to such molecules [26 -28] . Therefore, collateral damage to spermatozoa may have occurred if ROS were produced during the immune response and migrated from the haemocoel to the reproductive tract [26] . We are currently investigating the potential for ROS or other immune effectors to influence the viability of stored sperm.
With regard to the reproductive tract infections, we found that females mated with PGN-dipped males exhibited a small reduction in sperm viability (approx. 6%) shortly after mating. This reduction may have been caused by the direct influence of PGN, considering previous studies indicate that human sperm viability is reduced in the presence of lipopolysaccharides derived from Chlamydia trachomatis cell walls [29, 30] . A direct and detrimental influence of bacteria (and their cell wall components) on sperm may help to explain why male ejaculate fluid in insects has evolved antibacterial activity [31, 32] and why males and females increase antimicrobial activity in their reproductive tract shortly after mating [33, 34] . Alternatively, the reduction in viability may be been caused by a strong female immune response to PGN-laced genitalia; especially if such a response was composed in part of ROS (see earlier text). Although the reproductive tracts of both sexes produce antioxidants to minimize ROS damage [27] , these molecules may have been simply overwhelmed. Perhaps the most interesting aspect of our sexual transmission data is that females mated with PGN males exhibited relatively empty sperm stores 48 h after mating. This is a fascinating observation which suggests that contaminated ejaculates are purged to: (i) remove dead/dying sperm, and/or (ii) avoid infection. Regardless of why sperm is lost, our results clearly show sperm removal is the action of the female. All females were single-mated and received a full complement of sperm regardless of their mate's infection status (table 2 and figure 4) . However, only the females mated with infected males lost sperm over time. This is not too surprising, considering that dumping of resident sperm appears to be an adaptive behaviour under female control in D. melanogaster [35, 36] . Although studies with Drosophila simulans and Mediterranean flour moths (Ephestia kuehniella) have shown that males infected with the endosymbiotic bacterium Wolbachia pipientis transfer fewer fertile sperm at mating than uninfected males [37, 38] , none have established a post-mating effect of infection on sperm storage within females, as we show here.
Although we provide evidence for a deleterious interaction between infection and sperm viability/storage, some aspects of our results appear inconsistent with this interpretation. First, females infected with P. aeruginosa did not exhibit a reduction in viability compared with females infected with isolated E. coli PGN. This discrepancy may owing to a greater amount of PGN having been transferred in the isolated PGN experiment, which would increase the strength of the female immune response. Alternatively, the discrepancy may be the result of a fundamental difference in how the PGN of the two different bacterial species elicit an immune response, or in how the female immune system responds to whole bacteria versus freely injected PGN. Second, males exhibited a response to the live pathogen inoculation while females did not. This pattern may be owing to the fact that females are larger than males, again creating a dose effect between the sexes. Alternatively, males may be more susceptible to Gram-negative pathogenic infection, which may help to explain why males tend to exhibit higher standing levels of Gram-negative immune gene expression [34] . Third, we found no reduction in sperm viability within the seminal receptacle when PGN was sexually transmitted to the female. As noted earlier, sperm viability within the bursa appears to have been slightly reduced. If dead sperm tend not to be moved from the bursa into storage (which seems reasonable), then we would expect little effect of sexually transmitted PGN on the viability of sperm within the seminal receptacle.
The results presented here have several important implications for mating and immune system coevolution. First, we support a fundamental prediction in several parasite-mediated sexual selection models, which expect a negative relationship between male ejaculate quality and immune activity [15, 39] . Such a trade-off may cause males to: (i) honestly signal their ejaculate quality under the assumption that immune activation also reduces the sexual signal, and (ii) be at a disadvantage during sperm competition. Second, our data suggest that female immunological condition may also play a role in sperm competition, considering that a reduction in resident sperm viability owing to immune activation would put subsequent sperm donations at a competitive advantage. Third, our data suggest that females have the capacity to remove ejaculates that reduce their fitness (i.e. contain dead sperm or pose a health risk), which should have a profound impact on mating and sperm competition in the wild where sexually transmitted pathogens are of environmental origin [40] .
